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1. CnS2– (n = 6–18)团簇 
CnS2– (n = 6–18)团簇的基态构型是硫原子位于碳链末端的直线型结构。n 为




子解离能（EDE）和二级电子解离能（SEDE）等方面对 CnS2– (n = 6–18)负离子
团簇的性质展开了深入的理论研究，理论计算的结果很好地解释了实验谱图中谱
峰强度的奇偶规律。 
2. CnAl2+ (n = 1–8)团簇 
CnAl2+ (n = 1–8)团簇的基态构型是两个铝原子分别位于碳链两端的线型或
弯曲线型结构。当 n = 1、2 时，基态构型是直线型结构，当 n = 3–8 时，基态构
型是弯曲线型结构。NBO电荷分析显示正电荷主要分布在碳链两端的Al原子上。
偶数团簇中碳链具有聚炔的成键特征，奇数团簇中碳链具有累积烯烃的成键特
征。n 为偶数的 CnAl2+团簇比 n 为奇数的 CnAl2+团簇稳定。这一奇偶变化规律可
从成键性质、相邻团簇的能量差（ΔEn）、增量结合能（ΔEI）和垂直电离能（IPv）













摘  要 
II 
的变化规律一致。 
3. HCnSi+ (n = 1–10)团簇 
HCnSi+ (n = 1–10)团簇的基态构型是氢原子和硅原子分别位于碳链两端的直
线型结构。n 为偶数的 HCnSi+团簇比 n 为奇数的 HCnSi+团簇稳定。NBO 计算的
电荷数值显示正电荷主要分布在碳链两端的硅原子和氢原子上，而负电荷分散分
布在碳链上。在偶数 n 的 HCnSi+团簇中，碳链中的 C–C 键长长短交替变化，具
有类似聚炔的成键特征，即单键和叁键交替连接。本文从基态构型的成键性质、
价电子结构、 高振动频率、相邻团簇的能量差（ΔEn）、增量结合能（ΔEI）、绝
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Abstract 
The dissertation was devoted to the theoretical study on S–doped carbon cluster 
dianions CnS2– (n = 6–18), Al–doped carbon cluster cations CnAl2+ (n = 1–8), H– and 
Si–doped carbon cluster cations HCnSi+ (n = 1–10). All possible models were 
explored employing B3LYP combining Molecular Graphics and Molecular Mechanics. 
Geometry optimization and calculation of vibrational frequencies were conducted by 
means of B3LYP/6–311G*( B3LYP/6–311G**) method. To ascertain the ground–state 
structures, the single point energies were calculated at the B3LYP/6–311+G*  
(B3LYP/6–311+G**) level. Based on NBO charge calculations and the analyses of 
valence–bond structures, we summarized the structural rules of clusters. The trend of 
odd–even alternation was interpreted according to the variation of bonding character, 
electronic configuration, electron detachment energy, incremental binding energy and 
energy difference. Knowledge acquired in this dissertation can provide helpful 
information for further theoretical studies. 
Main results and conclusions were summarized as follows: 
1. CnS2– (n = 6–18) 
The most probable ground–state isomers of CnS2– (n = 6–18) are linear with the 
sulfur atom located at one end of the Cn chain. When n is even, the isomer is 
polyacetlylene-like. The CnS2– (n = 6–18) with even number of carbon atoms are more 
shtable than those with odd numbrer, mathching the peak pattern observed in studies 
of mass spectrometry. The trend of odd–even alternation is also detected in certain 
bond length, atomic charge, electronic configuration, the highest vibrational frequency, 
energy difference, electron detachment energy, and incremental binding energy of the 
most probable ground–state isomers. 
2. CnAl2+ (n = 1–8) 
The most probable ground–state structures of CnAl2+ (n = 1–8) are linear with the 
aluminum atoms located at each end of Cn chain. There is a geometrical mutation 
from linear structrue to bent linear structrue when n = 3–8. The CnAl2+ (n = 1–8) with 















even, the Cn chain is polyacetlylene–like, whereas for n is odd, the data suggest a 
cumulene–like arrangement. The calculated bond characters, incremental binding 
energy, vertical ionization potential and energy difference show the same odd–even 
pattern, which is consistent with the observed odd–even alternation of SIMS signal 
intensities. 
3. HCnSi+ (n = 1–10) 
The most probable ground–state isomers of HCnSi+ (n = 1–10) clusters are linear 
with the hydrogen and silicium atoms located at each end of the Cn chin. The HCnSi+ 
(n = 1–10) with even number of carbon atoms are more stable than those with odd 
number. When n is even, the Cn chain is polyacetlyene–like.The calculated bond 
characters, atomic charge, electronic configuration, energy differernce,  adiabatic 
ionization potential, incremental binding energy and the highest vibrational 
frequencies show the same odd–even pattern, which is consistent with the observed 
odd–even alternation in experimental studies. 
Keywords: Doped carbon cluster； Even–odd alternation； Density function study 
 
 



























































































素[40–42]。Leleyter 等用二次离子质谱法在实验上检测到了 MpCnq (q = 1, p = 1–4，n 















得到了掺杂 P、As、Sb、Bi 的 CnX–团簇[43]和 H–C–Si 团簇[44]。Gnaser 等使用溅
射的方法制得了 SiCn2– ( n = 6, 8, 10)[45]和 OCn2– (n = 5–19)[46]团簇。Parent 等在实
上检测到了 SiCx+ ( x = 0–12)和 Si2Cx+ ( x = 0–11)团簇 [47]。Klein 等通过加速质谱
法检测到了 BeCn2–(n = 4–14)团簇[48]。Gupta 等采用 AMS（质谱加速器）对 CnCs– 
(n ≤ 10)团簇进行了实验检测[49]。Zheng 的研究小组用高能密度的脉冲激光束溅
射适当样品，产生了掺杂一个 N 原子，三个 N 原子，五个 N 原子和七个 N 原子
的碳团簇[50,51]。Franzreb 和 Williams 发现了一系列二价负离子团簇[52]，如 SCn2– (n 
= 6–18)，O2C72–，CnHm2– (n ≥ 7)，BeC8Hm2– (m = 1, 2)，SiOCn2– (n = 4, 6, 8)和












Li等使用DFT/B3LYP方法对CnX/CnX+/CnX– (n = 1–10, X = Na, Mg, Al, Si, P, 
S, Cl)[53]进行了系统的理论研究。Zheng 等使用 HF/3–21 和 B3LYP/6–31G*方法对
CnN– (n = 1–13)[54]、CnB– (n ＜ 13)[55]、CnP– (n = 1–13)[56]、AlCn– (n = 1–11)[57]和
CnSe– (1 ≤ n ≤ 11)[58]团簇进行了理论研究。Zhan 和 Iwata 使用从头算方法对 CnN– 
(n = 1–13)[59]、CnB– (n = 1–7)[60]和 CnP– (n = 1–7)[61]团簇进行了理论研究。Pascoli
和 Lavendy 在 B3LYP 密度泛函计算结果的基础上提出了 CnN– (n = 1–7)[62]和 CnP– 
(n = 1–7)[63]的构型。Fisher 等根据密度泛函的计算结果总结了 CnP– (n = 3–9)团簇
的结构[64]。Roszak 等对 TaCn+ (n = 7–13) [65]进行了理论研究。Tang 等使用
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进行了对比研究。Vandenbosch 和 Will 运用从头算方法分析了 RbCn– (n = 1–10)
团簇[68]。Gomei 等采用从头算方法探讨了 SiCn– (n = 2–5)团簇[69]。应用密度泛函
方法，Pan 等完成了对 CnH– (n ≤ 10)团簇的理论计算[70]。同样采用密度泛函方法，
Largo 等对 AlCn– (n = 1–7)[71,72]、NaCn– (n = 1–8)[73]、MgCn– (n = 1–7)[74,75]、CaCn– (n 
= 1–8)[76]和 CnCl– (n = 1–7)[77]团簇进行了探讨。Zhai 和 Wang 也使用密度泛函方
法对 CrCn– (n = 2–8)团簇进行了理论研究[78]。使用从头算方法，Dreuw 等对






Franzreb 和 Williams 报道了 CnS2– (n = 6–18)[52]二价负离子团簇的发现。
CnAl2+(n = 1–8)一价正离子团簇在实验上也已发现[41,83]。Huang 等人实验检测到
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